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ABSTRACT 27 28 Spindle checkpoint strength, defined as the length of the cell cycle delay imposed by the 29 spindle checkpoint, is dictated by three criteria: the number of unattached kinetochores, 30 cell volume and cell fate. However, how checkpoint strength is regulated is unknown. 31 We show that the conserved AAA-ATPase, PCH-2, which remodels the essential 32 checkpoint effector Mad2 from an active conformation to an inactive one, controls 33 checkpoint strength in C. elegans. When we genetically manipulate embryos to 34 decrease cell volume, PCH-2 is no longer required for the spindle checkpoint or 35 recruitment of Mad2 at unattached kinetochores, showing that PCH-2 is essential for a 36 robust checkpoint in large cells. This role in checkpoint strength is not limited to large 37 cells: germline precursor cells exhibit a stronger checkpoint than their somatic 38 counterparts and this also relies on PCH-2. PCH-2 is more highly enriched in germline 39 precursor cells than in somatic cells and this enrichment relies on a conserved factor 40 that induces asymmetry in the early embryo. Finally, the stronger checkpoint in germline 41 precursor cells also depends on CMT-1, which is essential for both PCH-2's localization 42 to unattached kinetochores and its enrichment in germline precursor cells. Thus, PCH-43 2's ability to regulate the availability of an inactive but necessary checkpoint precursor at 44 or near unattached kinetochores governs checkpoint strength. 45
INTRODUCTION 46 47
To prevent the missegregation of chromosomes and the production of daughter cells7
Live imaging of two-cell embryos 148
For live imaging of two-cell embryos, worms were dissected on glass coverslips in egg 149 buffer and then mounted on 2% agar pads. Images were acquired every 1 minute or 20 150 seconds on a DeltaVision Personal DV microscope as described in the previous section; 151 except that the distance between two planes was 2 µm. The mitotic timing was 152 measured from NEBD to OCC as described in . Cell volumes were 153 measured as described in (Galli and Morgan, 2016) . To measure the nuclear area, a 154 sum projection of the embryo was generated 1 minute before chromosomes began to 155 condense and the area was measured with Fiji ( Figure S2A ). 156
157

Live imaging of embryogenesis 158
After a treatment with perm-1
RNAi (see below), worms were dissected onto a coverslip 159 with egg salt buffer (118 mM NaCl, 48 mM KCl) supplemented with 10 mM PIPES pH 160 7.3, 1 mM ATP and 10 mM sucrose. Embryos and adult carcasses were transferred into 161 a well of an 8-well plate (ibidi 1 μ-Slide 8 Well Glass bottom) that had been freshly 162 coated with 0.1% Poly-L-Lysine solution (Sigma P8920) and extensively washed. Time-163 lapse videos were acquired with a Solamere spinning disk confocal system piloted by 164 μManager software (Edelstein et al., 2014) and equipped with a Yokogawa CSUX-1 165 scan head, a Nikon (Garden City, NY) TE2000-E inverted stand, a Hamamatsu 166 ImageEM ×2 camera, LX/MAS 489 nm and LS/MAS 561 nm laser, and Plan Apo 167 ×60/1.4 numerical aperture oil objective. Acquisition times per frame were 50 ms using 168 5% of the lasers power for both channels, and images were obtained as stacks of planes 169 at 2 μm intervals taken every 1 minute. Nocodazole was added from a 5X stock to a final 170 concentration of 50 μM after the first time point. 171 172
Quantification of fluorescence intensity 173
To quantify GFP::MAD-2 and PCH-2::GFP levels, images were generated under the 174 same conditions as previously described for the live imaging of two-cell embryos with a 175 few modifications: only the nucleus was imaged, the interval between two planes was 1 176 μm and images were collected every 20 seconds. To measure the cell volume, one Z-177 stack of the entire cell was taken at NEBD at 2 µm Z-spacing. 178
Quantification of fluorescence at kinetochores or around mitotic chromosomes was 179 performed in Fiji as described in (Moyle et al., 2014; Nelson et al., 2015) and 180 fluorescence in the cytoplasm as describes in (Galli and Morgan, 2016 
Statistical Analysis 205
Linear regression analysis and assessing significance of this data ( Figures 1C, 4A, 4B , 206 S1B, S1D) was performed using GrapPad Prism version 6 for Macintosh. For all other 207 data, significance was assessed by performing t-tests ( Figures 1D, 2C , 3, 4C, 5A, 5C, 208 5D, 6A, 6C, 6D, S3B, S3D, and S4B). In all graphs, a * indicates a p value < 0.05, ** 209 indicates a p value < 0.01 and *** a p value < 0.0001. 210
211
RESULTS
212
213
PCH-2 becomes dispensable for the spindle checkpoint response in somatic cells 214
as they decrease in size 215
In the large somatic, or AB, cell of the C. elegans two-cell embryo, PCH-2 is essential for 216 spindle checkpoint activation . To further assess the requirements 217 for PCH-2 function, we manipulated the cell volume of AB cells experimentally by 218 performing RNA interference (RNAi) against ani-2. ani-2 encodes a germline specific 219 anillin whose depletion generates oocytes and, after fertilization, embryos, of varying 220 size (Maddox et al., 2005) (Figure 1A) . We monitored the length of mitosis in these 221 embryos, using the time between nuclear envelope breakdown (NEBD) to the onset of 222 cortical contractility (OCC) as markers for the entry into and exit from mitosis, To test this model, we quantified MAD-2 recruitment at unattached kinetochores in 273 pseudo-metaphase in small control and pch-2 mutant embryos (less than 3.5 x 10 3 μm 3 ) 274 expressing GFP::MAD-2 and compared it to the recruitment observed in wild-type sized 275 embryos. Consistent with our previous results, GFP::MAD-2 was recruited to 20% of 276 control levels in pch-2 mutant embryos that were wild-type in size 12 (Figure 2C ). In small embryos, GFP::MAD-2 was recruited to unattached kinetochores in 278 control embryos as expected ( Figure 2B ). In small pch-2 mutant embryos, GFP::MAD-2 279 signal can be detected at unattached kinetochores ( Figure 2B ) and, when quantified, 280 GFP::MAD-2 was partially restored to 58% of control levels ( Figure 2C ). One explanation 281 for why GFP::MAD-2 recruitment is not completely restored in small pch-2 mutant 282 embryos may be that these smaller embryos require less MAD-2 recruitment to support 283 a mitotic delay comparable to control small embryos (Défachelles et al., 2015) . 284
Nonetheless, our experiments demonstrate that PCH-2 is also dispensable for in Rose and Gönczy, 2014 ). Since we found that PCH-2 promoted the spindle 357 checkpoint strength in both AB and P 1 cells, but even more dramatically in P 1 cells, we 358 asked if PCH-2 was regulated differently between these cells. We previously generated 359 a tagged version of PCH-2 at the endogenous locus, PCH-2::GFP, that could be 360 visualized at unattached kinetochores at the pseudo-metaphase plate and rescued 361 checkpoint function in AB cells . We tested whether this transgene 362 could also support the stronger checkpoint in P 1 cells. We treated embryos expressing 363 PCH-2::GFP with zyg-1 RNAi and evaluated mitotic timing in both AB and P 1 cells, in the 364 presence or absence of monopolar spindles, using chromosome decondensation as a 365 marker for mitotic exit. P 1 cells expressing PCH-2::GFP had full checkpoint function, 366 exhibiting a mitotic delay longer than AB cells also expressing PCH-2::GFP ( Figure 5A) . 367
368
Previous transcriptome analysis of PCH-2 did not reveal asymmetric enrichment of PCH-369 2 mRNA between AB and P 1 cells (Tintori et al., 2016) . We tested whether PCH-2::GFP 370 exhibited differences in protein levels between AB and P 1 cells. First, we assessed 371 whether PCH-2::GFP was more enriched in pseudo-metaphase at unattached 372 kinetochores in P 1 than AB cells. We quantified PCH-2::GFP fluorescence at unattached 373 kinetochores in both AB and P 1 cells of embryos treated with zyg-1 RNAi but did not 374 detect any difference between the two cell types (Figures S3A and B) . Similarly, we did 375 not detect any difference in GFP::MAD-2 recruitment at unattached kinetochores 376 between AB and P 1 cells in zyg-1 RNAi embryos (Figures S3C and D) . 377 378 Next, we quantified PCH-2::GFP fluorescence in AB and P 1 cells during unperturbed cell 379 cycles. In the AB cell, PCH-2 protein becomes enriched in the area around the 380 16 chromosomes in prometaphase . We observed similar localization of 381 PCH-2::GFP in P 1 cells ( Figure 5B ). When we quantified the fluorescence of PCH-382 2::GFP in this area surrounding chromosomes after NEBD in both AB and P 1 cells, we 383 detected a statistically significant enrichment of PCH-2::GFP in P 1 cells ( Figure 5C ). This 384 enrichment is not the indirect consequence of the smaller volume of P 1 cells since we did 385 not observe a difference in the fluorescence of PCH-2::GFP in the cytoplasm between 386 AB and P 1 cells (Figure S4 ), demonstrating that PCH-2::GFP is more highly enriched in 387 Aside from localizing PCH-2 to unattached kinetochores, we wondered if CMT-1 was 428 required for any other aspects of PCH-2 regulation. Therefore, we tested whether CMT-1 429 was necessary for PCH-2's asymmetric enrichment in P 1 cells. We quantified PCH-430 2::GFP fluorescence in prometaphase in the area around chromosomes in both cmt-1 431 mutant AB and P 1 cells ( Figure 6B ). First, we found that PCH-2::GFP fluorescence was 432 similar between AB cells in both control and cmt-1 mutant embryos (Figure 6C ), 433 consistent with our hypothesis that the weaker checkpoint in cmt-1 AB cells is a 434 consequence of the absence of PCH-2 recruitment at unattached kinetochore (Nelson et 435 al., 2015) . Further, when we compared the quantification of PCH-2::GFP fluorescence in 436 cmt-1 mutant AB and P 1 cells, we did not detect a significant difference between the two 437 cells (Figure 6D ), unlike our experiment in control embryos ( Figure 5C ). Thus, while we 438 favor the hypothesis that CMT-1's role in promoting spindle checkpoint strength in both 439 AB and P 1 cells is the product of localizing PCH-2 to unattached kinetochores, based on 440 the reduced robustness of the spindle checkpoint in cmt-1 mutants (Figure 6 
